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ANALYSIS OF A LASER CORRELATION ANEMOMETER

L. Lading
Danish Atomic Energy Commission
Research Establishment Riso
Electronics Department
DK-4000 Roskilde, Denmark
ABSTRACT
The transducers may be two parallel laser beams

An analysis of a laser anemometer is given.
The anemometer is based on the cross correlation

of which the extinctions and/or scatterings are

of the random signals generated by the scattering

detected.

Such a "laser correlation anemometer"

from - and/or extinction of - two parallel laser

(LCA) can be used to obtain much of the same

beams.

information as can be obtained with a laser

The basic set-up is compared with the laser

Doppler anemometer.

Doppler anemometer.

We shall here analyze a laser

correlation anemometer and compare it with a

It is shown that the correlation function

Doppler anemometer.

exhibits a broadening and generally also a skew

It will be shown how a particle size versus

ness - equivalent to the broadening (transit time)

particle velocity spectrum can be measured.

and skewness (velocity gradients) of the Doppler

We shall finally look at an example of the

spectrum.

LCA1s application in a two-phase flow system.

The conditions for "instantaneous point"
measurements are derived.

BASIC SET-UP

It is shown how a particle (drop/bubble) size
versus particle velocity spectrum can be obtained

Our considerations are based on a configura

by appropriate electronic filtering before tne
signals are correlated, provided the particle

tion as shown in Figure 1.

diameters are much larger than the beam diameters.

divides the laser beam into two beams of orthogonal
polarization.

A specific application in a two-phase flow is

The beam splitter

The first lens changes the direc

tions of the two beams so that they are parallel

described.

and focuses them at the plane of measurement.
There may be some additional optical equipment

INTRODUCTION

at the transmitter side in order to get elliptic
spots instead of circular spots in the focal

Several authors have proposed and used corre
lation techniques for flow measurements (1, 2, 3,

plane (Figure 2).

4).

if the velocity direction is different from that

The basic idea is that two transducers are

Elliptic spots are desirable

placed in the flow separated by a distance, n, in

given by the two focal points.

the direction of the flow; the random signals of

velocity vector, though, would require at least

the two detectors are correlated and will then

two more channels).

generally exhibit a maximum which for a constant

the signals and makes an image of the two spots

velocity gives the transit time between the two

at two matched pinholes followed by two photo

transducers.

detectors.
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(To get the full

The second lens collects

In ihe case of disturbances (particles,

Pinholes

Figure 1.

Figure 2.

Figure 3.

Basic optical set-up.

Beam spots in the focal (measuring)
plane a. circular and b. elliptic spots.

Correlation curve obtained with an H-P
3721 A correlator. The scattering medium
is a rotating Perspex disc.
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then be written as

etc.) with a diameter smaller than the focal spots
the directly transmitted beams may have to be

1
2
I(x,y) = I, + I? = — --g- [exp(-----+

blocked in order to reduce detector shot noise
and/or avoid saturation of the detectors.
conveniently

2

2, r Q

This is

0)

done by placing an aperture stop at

the intersection of the two collected beams.

In

4 -

exp(-t* -

the case of a backscattering set-up this is of

J~> ]
-

ro

course not a problem.
The separation between the two channels is here

where the origin is in the center of Spot 1; rQ

obtained by the spatial location of the two beams
and by the spatial filtering of the receiver.

is the focal radius.

In

The photocurrent of detector 1 caused by the

environments with large scale fluctuations of the

scattering of a particle with a radius much

refractive index, there may still be a consider

smaller than rQ is

able (unwanted) cross-coupling between the two
channels.

This may be

eliminated by polarization

Ut)

= K exp(-x^ D

filters in front of the two detectors so that

y
r

2 (t))

(2 )

o

detector 1 will only respond to light originating
from beam 1 and detector 2 will only respond to

where (x(t), y(t)) is the position of the particle

light from beam 2.

and K is given by the power of the beam, the

The set-up shown in Figure 1 differs optically

scattering cross-section of the particle, the

from the set-ups in References 2 and 4 in that the

f-number of the receiver lens, and the sensitivity

beams are focused and the receiver has a spatial

of the detector (cf. Appendix A, Equation a3 with

filtering ability.

z = 0).

This is essential for obtain

ing a good spatial resolution.

The configuration

in Reference 1 employs two crossed beams.

Let (x(t), y(t)) = (vt, y) where v is a

constant, we then get

This

will also give a spatial filtering, however,

"i2(t) = ii (t - ro )

(3)

which could be improved by using focused beams and
spatial filters in the receivers.
where

It should be mentioned that the field distri

tq

= t/v.

Now let us assume that a large number of

bution of this set-up can be considered as the
Fourier transforms of the time-independent field

randomly distributed particles are present, all

distribution in a differential Doppler set-up

moving with the same velocity v_ = (v,o).

(see also Appendix C).

cross-correlation of i-|(t) and i2 (t) is
R12(t ) = i-|(t) i2(t +

THE CROSS-CORRELATION
We shall now analyze the basic set-up in

t)

where the "bar" denotes time average.

Figure 1 and derive an expression for the cross

The

(4)

Substituting

Equation 3 into 4 yields

correlation of i-j(t) and i2 (t) both when the
velocity is constant and in the presence of
velocity fluctuations.

R12(t ) = i-|(t) ii(t +

t

-

tq)

= R1](t - xQ )

(5)

We shall limit ourselves

to a two-dimensional analysis and comment on the
i.e. the cross-correlation is given by the auto

implications of a three-dimensional set-up

correlation of signal 1 (or 2) displaced by an

(Appendix A).
Let the laser beam be of Gaussian shape.

amountT . Since an autocorrelation function of
o
a random signal obtains its maximum value when

The

intensity distribution in the focal plane can
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the argument is zero, then the maximum of R ^
must be its value at

t

=

t

,

t)

Fourier transform of Equation 9 and get:

i.e. at a delay equal

to the transit time between the two "spots".

Rn (T ) = T i 7 ) 2 + ( ^ V ^ 4 e x p ( 4F

The photocurrent caused by the particles

-4)

8 it r

2a

passing the measuring volume through the "tube"
given by y +

where A = r /v.
o

Sy/2 and 0 + <5z/2 is given by

Using Equation 5 we get
i-](t) = 2 ik(t - tk)

(6)

where ik(t) is given by Equation 2 with

r\

kAl

O

R12 ( 0

| 2

= ( T ) 2 + (— ^ - ) 2 ^
4F^

= (vt,y).

8 tt r

2^

-

(x

T )

e x p ( - --------- T
2

(10)

~ )

tk is the time at which particle k is at r = (o,y).
The autocorrelation R ^ T . y ) can then be found by

This expression for R(t) resembles the

the use of the generalized Campbell theorem (5):

expression for the Doppler spectrum, $ (u), ob
tained with a Doppler anemometer (6).

Rn (r,y) = (i (t,y))2 +

oc<a>

that the width of R(t) is proportional to
(7)

oo

We note
tq,

just

as the Doppler spectrum is proportional to u0 .
But the area of the Doppler spectrum (its power)

i 1q (t,y) i10(t + x,y)dt

—CO

is independent of
proportional to

where i-]0 (t,y) is the normalized "one-particle

t

ojo ,

whereas the area of R(t ) is

- its height being constant.

Quite naturally the correlation depends on

current" (i.e. a = 1), <a> is the (ensemble) aver

neither the value of the (constant) velocity nor

age of the scattering cross-sections, and a is the

on the beam spacing.

mean number of particles passing the "tube" per

Figure 3 shows an example of

a cross correlation curve.

unit of time; a is given by:

In Figure 4 is shown the computed normalized
covariance (i.e. the normalized dynamic part of

a = v-c • 6z • 6y = vc'Sy

R-|2 ) for various spatial velocity distributions
v_ = (v(y),o).

where c is the particle concentration.

It will be noted 1. that the

maximum correlation decreases with increasing

The contributions from each tube element have

spatial velocity gradients, 2. that the curves

to be summed,i.e.

generally exhibit a skewness, and 3. that the
maximum of ^ (

R-|-j (t ) = (i-| (t))2 +

vc

<a2>

i i o ( t , y ) i10(t +

t

value of
,y)dtdy

(

8)

t)

is generally different from that

which is given by the average velocity.

VELOCITY FLUCTUATIONS
Until now we have assumed that the velocity, v,

Only the last term in Equation 8 is of interest for
the present discussion.

t

is independent of time.

This term (the covariance)

We shall now see what

can be found by calculating the power spectrum of

happens when the velocity fluctuates.

It will be

i](t,y), which is given by (5):

assumed that the beam spacing is so short that
velocity gradients between the two 'spots' can be

$ (w,y) = vc1<a2> | F {i]Q(t,y)} |2

neglected.

(9 )

It is important here to realize that the
scattered light is not caused by fluctuations in

where F Ii10(t,y)} is the Fourier transform of

the refraction index of the fluid, but is given by

il0 (t >y); then we use the Wiener-Khinchine rela
tions and find R-i^

t)

an 'incoherent' superposition of the

by taking the inverse

light power from different particles.
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scattered
This is an

'P,,!1>

Figure 4.

Computed normalized covariance functions
for various spatial velocity distribu
tions. The beam spacing £ is equal to
1 unit length and the beam radius
r = b.
o

Computed normalized covariance functions for
various Gaussian velocity probability distri
butions.

The beam spacing l is equal to one

unit length and the beam radius rQ = b.

The

mean velocity is assumed to be 1 unit length
per unit time.

Figure 6.

Computed normalized power spectra for
various Gaussian velocity probability
distributions.
The proportionality
constant between the Doppler frequency
cop and the velocity v is assumed to be
1 reciprocal unit of length. The beam
radius is 1/b.
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$T2-j(“ ) “ ^.j (u) |H (to) |2 e ia)Ti

where f
(2i;

-j 3 .
cod . 2
Cst. vi • c ' ^ - 1 sine (t^-1)] |H (co)

2

By successive measurements with

different settings of the bandpass filters we can
then obtain a size vs. velocity spectrum.

- i ojt .

e

= 2tt-m .

1

It should be emphasized that two particles of
different sizes giving power spectra of equal band
width cannot also have the same velocity, i.e. the

We note that for a fixed velocity the bandwidth
of 112i(“ )

particles are either separated in the frequency

inversely proportional to the

domain, which allows a separation before the

particle diameter.

correlation is performed, or in the x domain, which

Let H(co) represent a bandpass filter with the

allows a separation after the correlation has been

center frequency to and bandwidth 610 « 610 .
,.
M
J 0
signal
Equation 21 can then be rewritten so that

performed.
Experimental Verification - The flow is

* 1 2 i ( “ ) = I]-j (“ 0) IH(to) I^ e_ i “ Ti

simulated by two thin, closely spaced rotating

(22)

Perspex discs on which small randomly distributed
paper discs are glued.
and by taking the inverse Fourier transform we

The paper "particles" of

the first Perspex disc are 1.19 mm in diameter, and

can wri te (ji^. (t ) as

on the other they are 1.80 mm in diameter.

The

velocities of the Perspex discs can be regulated
<f>12i (T ) " F ^^4>12i

independently.

^ =
(23)

The measuring set-up is characterized by a
10-mm beam spacing and a focal "spot" 100 u in the

Ili'(w0 )f (T " Ti ^ C0S(“0 (T ‘ Tj))

x-direction and 2 mm in the y-direction.
Figure 7a shows the correlation function with

where f(x - x.) is a truncating function with the

no prefiltering.

following characteristics:

The smallest particles are here

moving faster than the larger ones.
Figure 7b shows the correlation function with

f(t -

)

f
for T = Ti
max

prefiltering where f

= 20 kHz.

We see that the

second top has almost disappeared.
f(x - x .) -+ 0 both for

t

» and

t

■+ -<»

The next figures (7c-f) show how the ratio
between the two peaks changes as the center fre

The width of f(x -

x.)

quencies of the filters are changed.

is roughly given by 6x »

In general, Figure 7 shows how the contribu

2tt/6o).

tions from the two discs can be separated if the

Now, to obtain a particle size versus velocity

power spectra are of different bandwidths.

spectrum, we adjust the filters to a specific

Now,

there must obviously exist a ratio between the

center frequency and record the correlation curves.

velocity of the discs where the ratio between the

The maximum (or maxima) of ^ ( x ) at x. will give

two correlation peaks is independent of the pre

the information that particles moving with the

filtering, and this ratio must be equal to the

veloci ty

ratio between the diameters of the two kinds of
"particles":

(24)

in that case the bandwidths of the

signals generated by the small and the large
particles respectively are equal.
have a diameter

The two veloci

ties were experimentally adjusted to obtain such
d.
i

v
f

(25)
Ti fo
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Figure 7.

Correlation curve obtained with two
closely spaced rotating discs with
particles of different size.
The beam
spacing is 10 mm and the focal "spot"
is 100 u in the flow direction.
The
scale is 100 ys/div. a. no filtering,
b. f. prefiltering with bandpass
filters with (b) f0 = 20 kHz, (c) f0 =
10 kHz, (d) f0 - 5 kHz, (e) f0 = 2 kHz
and (f) IkFIz,respectively.
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Simulated fuel rod in an annulus
geometry.
The diameter of the rod and
the inner diameter of the tube are 17 mm
and 27 mm,respectively.
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a condition, and the ratio between the velocities

point velocity measurement have been derived in

was found to be 0.65 and the actual ratio d^/d2 =

terms of the flow parameters.

0. 66.

A method for obtaining a particle size vs.
particle velocity spectrum has been devised.

EXAMPLE OF AN APPLICATION

In order to overcome the problem of flow
directions different from that given by the two

We have used an LCA for measurements in a two-

focal points, elliptic 'spots' could be used.

phase flow surrounding a simulated fuel rod

Alternatively, it might be possible to obtain a

(Figure 8) and succeeded in measuring the average

probability distribution for the direction of

in-core velocity.
shown in Figure 9a.

A typical correlation curve is

the flow by measuring the relative peak amplitude

The measured values are in

of the correlation curve for different measuring

rather good agreement with the calculated ones (a

directions (circular 'spots'); this can be done

numerical difference of less than 10%).

by turning the instrument around its optical

Of

special interest were the measurements in a set-up
with an eccentrically placed rod.

axis.

For a variety

It might be appropriate to make a few remarks

of flow conditions the velocity was measured as a

about the LCA vs. the LDA.

It is difficult to

function of angular position (around the rod); an

obtain the same spatial and temporal resolution

example is shown in Figure 10.

with an LCA as can be obtained with an LDA, how

A few words about the difficulties in a measur
ing environment like this might be useful.

The

ever, the LCA will work in a "tougher" environment
than the LDA (tougher with respect to disturbances

spatial resolution is much poorer than it should

outside the measuring volume and with respect to

be according to simple calculations, especially

large particles in the measuring volume).

in the z-direction.

The main cause is probably

In the analysis given here of a velocimeter

the disturbances of the beams by the outer-water

based on transit time measurements by optical

film.

detection it has been assumed that laser beams

In our first set-up both beams had the same

polarization.

In some cases we experienced a

are used, but this is not necessary.

considerable cross-coupling between the two

Incoherent

light might be used, it might even not be

channels - the recorded curve looked like a

necessary with two transmitted beams - a lens plus

superposition of an auto- and a cross-correlation

two pinholes are enough to define two points in

curve (Figure 9b).

space which then just have to be illuminated in

The introduction of

orthogonal polarization removed this problem.

some way.

The experimental set-up and some (non-laser)

scattered power without laser beams, and if we

measurements are described in Reference 9.

want high spatial and temporal resolution and/or

But it might be difficult to get enough

perform the described particle size vs. velocity
CONCLUSION

measurements then diffraction-limited focusing
might be necessary, which will require coherent

A laser correlation anemometer has been ana
lyzed.

light.

The correlation function has been treated,

both in the case of constant and fluctuating
velocity.
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It has been shown that velocity fluctua

tions within the averaging time and space will

SYMBOLS

usually provide a correlation curve of a certain
skewness.

The conditions for an instantaneous

r. = (x,y,z)
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Position vector

a

333

/A ,s

/eU'A

no pre-PiAte^ung

a

3 3 3 yvxi / cU\A

pre-f i.lter'i.ng \A/i ti”. f = 1 U H Z

b

Figure 9.

3 33 yw.^ / cUsy
ho pnefitterin g

Correlation curves obtained by in-core
measurements (Figure 7) a. orthogonal
polarization of the laser beams; b.
parallel polarization. The beam spacing
is 2.6 mm. The spots are elliptic with
a size (outside the flow) of 0.1 mm x
2 mm.
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Figure 10. In-core velocity vs. angular position.

focal plane

lens

radius = a

pinhole plane

— d e te c to r

0

Figure 11. Scattering from a particle of arbitrary
position.
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SYMBOLS (cont.)

n

scattering efficiency, i.e. the
ratio between the incident power
and the power scattered per unit
of solid angle

I (x,y)

intensity distribution

I
0

transmitted laser power

I (a.)

unfiltered power spectrum

r
0

local radius of the laser beams

^(w)

filtered power spectrum

beam spacing

f

frequency (Hz)

%
K = kap

I
0

A

U)— 27Tf

4F2 O
2iTr2
0

k

detector sensitivity (amps/watt)

an
P

scattering cross-section of the
P'th particle

A

area of receiver aperture

F

focal length of receiver lens

V

particle velocity

T

time delay

T

H (to)

filter transfer function

h(t)

impulse response of the filter

to
0

center frequency of H(u)
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H

normalized covariance

A = r /v
o

half width of correlation curve

i(t)

photocurrent
arrival time for the k'th particle

a=V■C •6Z•6y

mean number of particles passing
an area <5y-6z per unit of time

c

particle concentration

c'=c-6z
velocity probability distribution
(densi ty)

P(v)

bandwidth of power spectrum in Hz

B

averaging time
eR =

normalized r.m.s. error on the
estimate of the correlation
function for a given x

e R(t)

normalized r.m.s. error on
estimated transit time

r

if -a £ x £ a
10. Bossel , H., Hiller, W. J., and G. E. A.
Meier, "Noise-Cancelling Signal Difference
Method for Optical Velocity Measurements",
J. Phys. E. Sci. Instr., 5^, 893 (1972).

rect(^) =
a

0

if x < -a or x > a

A ,
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We see that in general the expression for i
contains a weighting function given by the integral
(convolution) of Equation a3.

If <z << b, i.e.

z - 0, then the weighting function will be just
the pupil function of the pinhole, and if b > 2r ,
then Equation a3 turns into Equation 2.

APPENDIX A

The width of this weighting function will
always be larger than the width of the pinhole

The photocurrent caused by a small particle

pupil function, but its maximum amplitude will

with position vector r_ = (x,y,z) is calculated.

decrease as the image spot increases (larger z).

It is assumed that geometrical optics can be
used for the calculations.

If the image spot is much larger than the pinhole,

This is reasonable if

then the weighting function can be approximated by

the aperture of the collecting lens is much

fa2/Kz = (2Fb/az)2 If the collecting aperture is much larger than

larger than the diameter of the laser beam at the
lens plane.

the beam diameter - which we have assumed - then

The intensity distribution at the pinhole

the focal depth of the receiver will be so short

plane, caused by the scattering from a very small

that it is reasonable to assume that the intensity

particle, is (See Figure 10)

distribution of the incident beam is independent
of z.

oA 1
I(k ) = I-| (r) ~---9 — circ
(2F)‘'ttk^

Consider an example:

(al)

let. the pinhole diameter

be 0.2 mm and 2F/a = 5, we then find a focal
depth 6z = 1 mm - we have (arbitrarily) taken those

where

values of z for which the image spot equals the
pinhole as the limits.

—

the (two-dimensional) posi
tion vector at the pinhole plane

APPENDIX B

A

is tne area of the lens

F

is the focal length of the lens

a

is the scattering cross-section of the
particle

Calculation of var

( t q ).

Let 3 = var

[t

],

we then have

Kz is the radius of the "image spot"

f(tq ) _

(t o + 3) = e

£p is the center of the "image spot"
Expanding ^(t

+

3

)

yields

We find that
H

(a2)
k

t

q )

-

*(

t

q )

+

\

<f

(T q )

32-

...

=

e

Neglecting terms of higher order than 2 gives

K (x,y)

(using Equation 10)
if z «

F. a is the radius of the lens aperture.

[var(^o)]2 =

In order to find the photocurrent we have to:
1.

multiply Equation al by the pupil function of

32

= 2 £a 2.

APPENDIX C

the pinhole, 2. integrate over the detector area which is supposed to be larger than the pinhole and 3. multiply by the detector sensitivity, k.
get

i

k I-| (rj

[ -j- circ
4F^ J 7tk2

IK

-

K

K,

The correlation principle can also be used

We

with only one detector:
at a detector.

I

b

Let the light signals

passing the two pinholes be mixed (incoherently)

-|di<2 (a3)

Straightforward calculations then

give that the autocorrelation of the output is

where b is the radius of the pinhole pupil function.

R(t ) = 2R.j-j (t ) + Ri 1(tq -t ) + R] 1 (t +t q )
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Lading:

where R ^ ( t ) is the autocorrelation obtained with

it.

only one channel.

I missed that point, I should have mentioned

It is a spatial Fourier transform.

If you trans

The expression in Equation cl is of the same

form frequency into time delay or transit time it

type as the spectrum obtained with a Doppler set

gives the same kind of information as the Doppler

up.

velocimeter.

It is clear from Equation cl that the sign of

the velocity is unknown and that in case of a large

S. J. Kline, Stanford University:

broadening the undisplaced part of the curve might

going around the world saying he reserves the right

Kovasznay keeps

interfere with the displaced parts - just as in a

to Fourier transform any piecewise continuous

laser Doppler anemometer.

function.

The system analyzed in

That's certainly true.

Maybe we should

this paper is analogous to the pedestal removing

also say we reserve the right not to Fourier trans

set-up as it has been described in Reference 10;

form anything if it doesn't fit.

this Doppler set-up can also give information about

Goldschmidt is saying in part is that if you've got

the sign of the velocity (11).

I think what

some fluctuations that only go for a short time you
don't have enough length of record for the Fourier

DISCUSSION

transform to mean anything.
you have to have.

V. W. Goldschmidt, Purdue University:

At the end

There are two conditions

One of them is it has to go on

for a reasonable number of cycles and the other is

of your talk you suggested that one of the advant

you have to have some, in effect, frequency locking

ages of this over the usual laser-Doppler veloci

and a constant frequency if you can expect the

meter is the fact that you can work in flows with

Fourier transform to tell anything.

large particles.

exactly the two things that you don't have for some

Having measured such flows with

large particles and now happily out of that, I

short burst characteristics.

can tell you with some, a lot, of assurance that

Lading:

if you get anything above 20-30 microns, probably

I agree, you can truncate a function so

much that the Fourier transform essentially is given

you will not find that they follow anything but

by the truncating function and not by the signal.

their own whims.
Lading:

These are

But we are not talking about transforming short

That's certainly true, but one of the

bursts, but simply stating that this set-up is a

reasons why we want to use this system is to measure

spatial Fourier transform of a laser Doppler

the slip of the particles.

anemometer (it goes on the optics), and that this

We used it in the two-

phase flow where we had droplets and we wanted to

fact implies a certain analogy between the two set

get an impression about the velocity distribution

ups.

of the droplets.

The smallest particles, we

Dunning:

believe, came at velocities which represented the

form of something that may be a 100 cycles or 200

actual flow or the one-phase velocity, the gas

cycles in extent.

velocity, and the larger particles had lower
velocities.

flow properties.

To determine the particle/droplet

size versus velocity was actually one of our
objecti ves.
J. W. Dunning, NASA Lewis Research Center:

You're taking a spatial Fourier trans

The

spatial Fourier transform of those other fringes
is two points, so this instrument is the Fourier
transform of a normal Doppler anemometer and should
be able to measure the same kinds of things.

219

It's not Fourier transforming the

